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ABSTRACT
The one-dimensionai heai fiow through o typlcal one~cell built-up bex

beam was investigated experimentally fo determine the strasses and distortions which
result from a transient, non-uniform tamperature distribution. The modsl was exposed
to a radlant heater which preduced the desired maximum temperature of 400°F in the
nearest surface within two minutes., Eieven temperaivre and nine strain gogs readings
wers recorded continuously during the intervai. A compariscn of ths ihins historls: of
the temperarure distributicn with the box beam interior empty and then with it filled

with insulation show that conduction is the primary mode of heat transfer. Graphical

and tabular comparisons hetween the exserimentaily determined sivesses and the stresses

calculated on the basis of the iemperatures measured at eleven points are presenied for
heating times of 30, 60, 90 and 120 seconds. The agreement is fair for early heating
times and poor for later times. Conditions at the lower flanges and therma! buckling

may explain the discrepancies.
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INTRCDUCTION

The development of the atomic homb and the advent of supersonic flight
have raised the phenomenon of heat conduction to a very high pasition in the list of
problems faced by aeronautical designers. Security measures have restricted the amount
of information on the effects of thermal radiation irom atomic bombs on aircraft that is
generally availabls. But a sufficient amount can be gleaned from various sources (see
Refs. 1 and 2) to realize that the caiculation of tempercture distributions and therma!
stresses may be necessary. An excellent series of papers (Refs. 3, 4 and 5) have ana-
lyzed the time dependence of the temperature distribution in thin solid wings at high
Mach numbers. The NACA has reported analvtical and experimental investigations
cf the affacts of non~uniform temperature. distributions on semi~monocoque structures
and their components (Refs. 6, 7, Band ¥). Keference i{ pisscntz 2 shidy of wvome
aspect of thermal stresses in alrcraft structures due to aerodynamic heating. The above
ten references represent only a portion of the pertinent ones which are available in this
field. Comparatively few published reports, however, contain experimental data on
the temperature and stress distributions in cny type of alrcraft structure which is sub-
jected to a.rapid rate of heat input. It Is the principai purpose of the report to des-
cribe and report the results from some experiments of this nature.
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SECTION i

Di:SCRIPTION OF EXPERIMENTAL METHOD

The purpose of this investigation is to study experimenially the manner in
which heat is conducted through a one-cell box beam and to determine the stresses and
distortions which accompany the resuiiing transient, non-uniform temperature. By de-
signing the box beam with a fairly large span-to-depth ratio, the local effects of the

free end and of the root were made negligible. As a result, the heat flow was essentially

a one-dimensional phenomenon, cnd the measured stresses could then be compared with
tha values obtained frem a simple analysis,

2.1 The Moduel

The experinental model in this test program consisted cf a one-cell box
beam, which was 3 inches deen, 6 inches wide and 25 3/ inches fong. The box was
tiolted together with 24 S-T Phillips flat hezd machine screws and 24 5-T hexagonal
nuts. An inch and thres quarters of the lengt: at one end of the model was used to
mount heavy stee! angle irons that fasiensd the model to the bed plates of un erector
se/ in a cantilevered pasition (see Figure 2. 1). Alihough the cross section of this box
beam is simple, several problems hod to be solved before the design assumed the form
shown in Figures 2.2, 2.3, 2.4 ond 2.5. The design had two basic aims: (1) to dup-
!icate a typical one-cell built-up box bsam consisting of spar caps, shear webs and
skin and (2) to minimizs the number of coniact surfaces without undue fabrication effort
in order to aain better heat transfer betwean the web and the spar cap. The shear webs
and the soar caps were simulatad by an 0.0385 inch thick 24 S-T aluminum alloy sheet
and a 3 inch é1 S-T sivuctural alui..inum chennel, respectively. Aluminum sheet of
0. 065 inch ihickness wus uzed because of its availability and alsc because the desired
duration of the heat input could not be obiained without seriously damaging the thinner
skin. A structural aluminum channel was used because it was easily obtained from cur-
rent stock and bec iuse the mechanical properties of 61 S-T are no? very different from
those of 24 S-T aluminum sheet (see Table A.1 in Appendix A). The cross section of
the channel is shown in Figure 2. 5. The shaded portions indicate the material which
was remcvsd in order to simuiata o perfect loint between the shear web and spar cap.

The one-inch spacing of the bolis which coi.nected the skin panels to the
channel was chosen sc as to preciude the possibility of inter-polt thermal buckling.
The stresses in thas skin panels were calculated on the basis of an assumed cubic tem-
peroture variation across the depth of the beam with an assumed maximum temperature
for the bottom skin of 400° F. These calculated strusses were then used to compute the
spa:ing necessary to prevent buckling between tie bolts.
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During the test program, tha model was held in a cantilevered positic: by
means of a pair of heavy steel angls Irons which were connected to the outer skin on
each side of the model by 3/8 Inch steel bolts. Tha bolis axtended through the angle
irors and the skin of the model and into a one Inch thick steel block whizh was fitted
to the Inner dimsnsions of the model. The ather iags of the angle Irons were fostened
to heavy bed plates which were formed from an erector set in the iabavatory. This rigid
support for the box beam eliminated cay chance of unwanisd dispiacements of the mcda!
(see Figures 2.1 and 2, 3).

2.2 Instrumentation

The temperature distribution in the box beam was feund by using elaven
Ruge-DeForest RDF Stikons, Type BN-3 resistance thermomete: elaments, mounted at
the midspan station as showii in Figure 2,6 and designated by the symbois, T-1 0 T-ii.
These goges were found to be well suited to trantlant measwements because of their low
thermai inertia. Their sansitivity to strain is negligible, and their operating range ax-
tends up to 400°F, aithough at higher temperatures the gages couid be used oniy for
short periods of time.

The strain pickups used on the lower skin and shear web were Baldwin SR~4
temperature conpensated {from + 50° to + 250°F) strain gages, type EBDF-7D designed
specificaily for the use on aluminum alloy. It should bs noted that the type EBDF-7D
gages give sulputs which are proportional to the quaitity,

E-x-AT
where

€ s the fotai strain
oX 1s the coefficient of tharmal expansion
AT is the change In temperature from its equilibrium value.

The above quantity represents only the strain due to stress and, hence, the gages do not
read strain in the conventiona! sense of the word. The coeft.ciunt of ihermal sxpansion
rwst, of couree, ba the samy ae that for the material under test. The upper skin had
only Ba!dwin SR-4 bakelite base strain gages, Type AB-7, hecause of the smail tem-
perature changes expacted. It was founa, however, that evan though the temperature
changes in the AB-7 gages were small, a temperature correction had to be applied to
their strain readings because the dummy goges used in the bridge circuit were wire-
wound resistors which operated at room remperaiure. No correciion i gags factor due
fo femperdivia changss was necazsory for elther tvne of strain goge. The EBDF-7D gages
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cre temperature conpensated, while the gage factor of the AB=7 is consiani fov ieni-
peratures up to 300°F (Ref. 20). All of the :bove 3ges were installed according to
the manufacturer's recommended procedures and baking cycles. The strain gages are
designated by the ymbols, S-1 to S-11, and theii locations are shown in Figure 2. 6.

A twelve-channel Consolidated Engineering Company recording oscillo-
graph was used to record the temperature changes at the slowest possible film speed of
1/8 of an inch per second so as to minimize the amount of film that had to be developed.
A special set of dummy resistors, used in conjunction with the bridge circuits of the ascil-
logroph, reduced the amplitude of the signal recsived from the Stikon aages. Bald-
win Portable Strain indicators, Type L, measured the strain gage reading directly in micioc=
inches per inch. Figures 2.7 and 2. 8 present block diagram sketches of the elements of
each circuit. Figure 2. 10 shows tha test equipment which was used. In addition, two
dia! goges, shown In Flgure 2. 1, waere mounted at the free end of the model for the pur-
pose of measuring deflecticns. These goges were usad to mark the beginning of the
uiting cycia and clsc Indicatad tatl daflaction at the end of the heating period.

2.3 The Radiant Furnace

An investigaiion of both commercial and special purpose heaters disclosed
thot the heater of Reference 2 would be adequate. This radiant furnace originally con-
sisted cf twelvs heating elements of open coiled windings cf nichrome wire which were
mounted in en insulated aiuminum reflecting box, 6 inches wide and 24 inches long.
Each element is compased of 0. 064 inch diameter wire and has a resistance of 36 chms.
The heating coils were connected in parallel and maunted on heavy buss bars iocated
ot the ends of the reflecting box. Additional supperts, consisting of transite separatoss

spaced approximately 3 1/2 inchas apart, proved necessary to minimize the sag of ihe
coils.

An 87 KW D.C. generator, which normolly drives the M.1.T. Flutter Tunnei
also usually supplies the power required by the heaier {see Figure 2.9). But since the
tunnel was in operation during most of this irivestigation, the heater hacl to be modified
s0 as to operate on the electric power provided by the Cambridge Electric Power Com-
pany. The alternate power availabie in the Structu s Laboratory was supplied by a
220 volt, 100 anpere, three phuse, Y-connected transormer. Modification of the
heater consisted of separating the twelve hecting coils into three equal oroups to form
a Y-type three-phase circuit. This alteration vias acconplished very easily by dividing
the buss bar at one end into three sections with four colls per section (see Figure 2. 9).

In the original construction of the heater, the racistance of each coil was considered
equal with!n 0.01 ohm. Thus, it was cssumed that there would be no unbalance of

power in the circuit. Since the curen’ varied cnly 0. 1 of an ampere between branches,
the assumption was justified. In addition, the current in each branch remained essenticlly
constant (13. 5 amperes) during the heating paricd.
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Previous tests showed the heater capebis of suppiying vp io 20, 0CC waits
(Ref, 2). With above conflguration, howavaer, the hearer suppliad only 5, 200 watts.,
The haater rested on a small table and was diractly under the box beam with an average o
distance of 7/8 of an inch between the bax beam am! the heating colls (see Figure 2.1). .|
The power output could have been increased either by conneciing mors nichrome heoting ’
colls in paratiel in each branch of the three phase circuit, or by connecting the heater
as a deiia, thrso phase circuit. This increase proved unnecessory, however, since the
desired maximum temperature of 400°F in the bottom skin of the modal was obtained
within two minutes of heating time for the heater in its present configuration. The
power of 5.2 KW, supplied to the colls, Is equivalent tc anproximately 5. 0 BTU/sec
of radiant heat energy on ihe assumption that there are no losses. The absorption by
ths model depends upon a number of factors such as absorptivity of the aluminum, the
distance from coils to skin and convective iouses. There Is reason to believe that less
than 50% of the electrical power input was absorbed by the model, but a more detatled

onclysls and experimantal study of such losses was deemes beyond the scope of this in-~
vestigaiion.

2.4 The Test Procedure

he peak iemperaturs for any portion of the box beam was limited to 400°F 4.

tecause at higher temperaiures the mcisrial properties begin to decrease vaiy rapidly
{(s2a Figure 2. 11). This limitction required the selection of a heating time which wouid 5.
not overheat any point of the model but which would still be of sufficient duration to e
induce appreciabls tharmoelastic effects. Calculations indicated that ths botiom skin :
would reach 350°F in tpproxlmutely one minute if ali the elecirical energy cf the radiant
furnace at iis ratéd output of 5. 2 kilowatts were absorbed by the bottom skin alone. A
more realistic duration of two minutes was determined by the following simple experiment,

A flst cheet of 74 S-T aluminum alioy wos placed over the furnace and subjected to vari-
out hsailng dizatlans, From measuraments with copper constantin thermocouples mounted
on the sheet, it was found that a period of oximately iwo minutes was required to
raise the temperature of this test sheet to 35%

Ne—

To define further the capabilities of the furnace, the aluminum test sheet -4l
was heated continuously unti! a stecdy-state condition was attained. This steody-state i
condition was reached after 8 minutes of heating iime with the sheet ot ¢ firal tempera-
ture of 650°F. In this experiment free convection took place, and the opposite side of
the sheet radiated to the rest of the laboratory. Simiiar conditions do not prevail in a
box beam since ihe interlor surfaces are radiating to a relativaly smail voluma and free
convection In the interior Is also restricted. The importance of heat transfer by radia-
tion and convection in the interior of the box was investigated by comparing measured
temperatures and sirains for two different configurations, namely, an empty Interior

crd an inierior filled with batts of insulation.

e ¢

.
e
e e - ot e s e e

An actual tesi run piccssded In the foliowing mannar:
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to the test equipment wers turned on to aiiow the equipment to warm up. Tha eleven
channels of the temperature recording equipment 'were balanced at !dentical signal
levels, and the room temperature displacements were recorded for each channel. The
portable strain indicatcrs were balanced, and their iniiul readings were recorded since
thase instruments are null devicos. Onmity four of the nine stiain gages on the model
coi;ld ba read during each test run because of limitations in the equipment available.
It was found that the temperature and strain distributicas were similar for each test run,
and the strain readings used in the calculations are average strains for at least five tost
runs for each configuration. An askastos insulating blanket was placed over the model
and heater to minimize the sffects of convection currenis. Before each test run, the
room temperature was read from a bulb thermometer and recorded. 1t was necessary to
know itw room iemperature because it was the initial teinparature of model which, in
turn, was also the reference temperature for the tomparature gages. As it happened,
the roorm 1emperature remained almost constant during the test program. The model
wae incilated from the heater by o transite sheet placed between them uniii the heater
raached the desired temperature. Then the transite was ramuved.

Whan oll une in reodiness, the power for the alaciric heoter wos tusned on,
and the dial gages attached to the model were wutched for the Initic! detiection. As
soon as they began to deflact, the fransite insulating sheet between the mode! ard the
heater wos withdrawn, and the timing period started. A stop watch was used to indicate
ten second intervals during the two minute heating period; at these times the strain gages
were read directly. An internal timing pulse was used to insert 10 second ieference marks

directly on the oscillograph fiim using the twelfth channel, while the other eleven chonnels

were coniiivously recording the readings of the eieven temperature gages. At the end of
the two minute heating cycle, the tip deflections of boili dial gages were recorded. The
power to the heater was shut off and an electric fan near the model was turned on to aid
in cooling the model to rooe: texparature. This process required a haif an hour.

After the completion of tests on the model with and without the insulation,
the temperature recording equipment was caiibicisd, Ecch of the alaven temperature
goges on the model were replaced in the oscillograph channel circuits by a decade box.
Then, imown chenges in resistance were applied through the amplifier circuits, and the
corresponding deflections were recorded by the oscillograph for the same attenuations of
the amplifiers that were used during the tect runs, This procedure produced a relation
betwsen ths change in galvanometer deflection and change in resistcince for a particular
attenuation. The deflactions of all of the tenperature gages during the test runs were
converted % resistance changes, and since tha Initlal temperaiure of the made! was
known, the toial resistancs could be determined. These total resistances were converted
to temperatures by using the temperciuia gags calibration charts supplied by the manu-
fuctwer.
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SECTION I
THE EXPERIMENTAL RESULTS

The experimental results consist of the reading: cbiained from elevai ism~
perature gages and nine strain gage:s which were located at tha mid-span station as shown
in Figure 2.6. The strcin raadings were recorded directly in microinches whereas the
temperature:, recorded i.. analogze form on oscillograph paper, had to be converted
into tenpaiatures by calibration charts,

3.1 The Temperature Distribution

Figires 2.1 and 3. 2 pressnt tho translent temperature curves for the eleven
temperature gages with uninsulated and insulated box-besam interlors, respectively. The ,.
same daid is tabulated in Tabie A.Z. A comgpriiscn of the hwe flgurac chows that the &
temperaturas for the uninsulated Configuration 1 are cgproximately seven to twelve de~
grees higher than those at corresponding points on the insulatsd Configuration 2 ot the

! end of heating period. The smallest differences both in absolute and percentage ierns 1
occurred along the bottom skin. On the other hard, ths iop skin with the smallest tem-~ ;
perature increases had the largest differences both in absolute tarms and in terms of the 1
percentage of the temperature rise. Thus, the rock weol insulaiion appeors to have two
effects: (1) ihe pievantion of heat transfer across the interior whether by radiation or
convection and (2) the retention of a portion of the thermal erergy which it receives

ey pra s I

PELYY T

from the interior surfaces of the bo:c through conducticn and radiction, i.6., a heat 1
sink. The first affect would account for the fact that the temperature differences pro- ]
duced by the insulation are larger in the top skin than in the bottom skin. in the un~
insulaied case, hHact reaches the tan dein by conduction, convection and radiation, and 4
the addition of the insulation suppresses the latter two modes of heat transfer. -
' Figures 3. 3 and 3. 4 show the time varlation of the terperature distribution
in the web of the box b2am for Coniigwraiions 1 and 2, respectively. Figurss 4,16 and _ ‘
i 4.17 present composite curves of the temperature distribution in the model for the in- |
I sulated case at fuur different times. These curves are plotied in a peripheral coordinate i
! system which originatas at the mid-point of the bottom skin. The increments of tem-
| perature increass, AT , are plotted instead of the absolute values of the temperature, ¢

T

1
o O ORI TR SR copitn B G L 1 ¢

and an assumed mode of temperaturs Is also ploted for purposes of comparison (see Sec-
tion V). .
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3.2 Thc Distribution of the Strain dus to Stress

Figures 3.5 and 3.6 give the experimental time varlation of the stress at
the nine strain gage locations for the two configurations. The same data is tabuiated
in Table A.3. The largest strains ars compressive and occur 'n the bottom or heated
skin. The largest tensiie strains occur in the web.

The time variation of the straln distribution in the web is shown in Figure
3.7. For the first 50 seconds, the strain distribution Is essentlally linear, but after
that time interval, the distribution in the web becomes increasingly complex. If,
however, only a narrow portion at the center of the web Is considerad, i.s., the
middle 1. 20 inches, the strain disicibution Is observed to progress from a iinear dis-
iribution te a gredually curved distribution. The character of the strains changes
rather drastically in the distance between this cential portion and the flunges. Zero
strain, however, occurs at about th= same polnt for ail times. Figure 3. 8 presents
the Time varigiion of e shain diiribution In tha battn skin.  If a lineor distribu~
Hion is assumed, the strains at various times intersect at appreximately the same loca-
tion,

3.3 The Deflectiocn at the Free End

The fact that the readings of the two diai gsges never differed more than
€. 002 inches affords evidence that only negligibie twisting of the mode! occurred
during the test runs. This agreement between the gagss gives a fairly good indication
that the tamperature distribution in the beam was symmetrical about the vertical center
lina. althaugh the evidence is not conclusive. Also, the maximum displacement ot
the end of each run was within 0. 005 inches of the average for all runs. The average
displacement for Configuration 1 was 0. 158 inches and for Configuration 2, 0.161
inches. This evidence, togsther with the closa agreement of the measured tempera~-
tures, offers a fairly good indication that the test conditions were duplicated in the
series of runs required by the limited number of strain reading devices (see Section
2.4),
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SECTION iV

ANALYSIS OF RESULTS

in principls, the calculation of the three-dimensional distribution of ther-
mal stress is simple if the tanweration variation in the structure has been determined.
For practical reasons, it !s desirable and, indeed, often necessary to idealize the pro-
blem to an extent that ihere are minor effects superimposed uyon a major effsct. These
minor effects ore then ignored.

The stress measurements in these exneriments wera taken at the mid-snan
section so as to minimize the effects of the root and the free and of the cantilever beam.
The idealized analytical structire is an infinitely lotig beam which, of course, cannot
ha attalned In the lcbcrotary. Instead, St. Venant's Principle must be invoked.

The gages ware orlanted so as to measure stresses in the spanwise direction
and, hence, chozdwise stresses were iznored. in addition, the gages were placed on
only one side of the skin. This prccedure assumes that there is no stress grodient across
the skin thickness. The assumptions which have been described here ara those raade for
the elementary theory of the bending of beams.

The analysis of the experimental results will be consldered from the follow-
ing three vicwpoints:

4.1 Elemeniary beam thecry
4.2 Distortion of the croe: saction

4.3 Sporwise effects.

4.1 Elementory Beam Theory

Timoshenko and Gocdier (Ref, 18) describe the physicai recsciiing involved
in the daducticn of a simpie theory about thermal stresses. In this sinplified theory as
presented for application to the experimental results, it is necessary to assume: (a) that
the temperature distribution is symmetrical cbout the Z-axis (see Figure 4. 1) and (b)
that the temperature distribution is not a function of the spanwise coordinate. Thus,
the change in temperature can by written os

T=AT(S)

where S is a peripherai coordinate.
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The behavior of the beam in adjusting its distoriion and internal stresses to a cértain
temperature distribution is explained as follows:

(1) Each element of the beam I5 cliowed to expand freely as the cross
sacticin attains some particular temperature disiribution above the ambient volue. At
this stags, the beam is regarded essentlally as an assemblage of independent elemenis
which were initially fitted together in the shape of a beam.

(2) In order to fit the elem=nts together again, stresses sufficient to com~
press the elements back to their originul sizes and shapes are applied. As in the ele~
mentary beam theory, it is assumed that the importent distortions and stresses are those
in the spanwise direction. Hencs, only the spamvise iemperature distertions are con~
sidsred, and the important compressive stresses which need to be applied are those in
the spanwise direction. These stresses are denoted as follows:

| - — 1
g i) r-ElT)R ATIS) &

where
E is Young's modulus which is a function of the temperatwe,

X is the coefficient of thermai expansion which is a function of the
tamperatuwre,

AT is the temperature rise above the ambient vaiue.

(3) The beam can now be re-assembled. but the force eauilibrium of the
beam has been disturbed by the application of the comprassive stresses described above.
To restore equilibrium, a fictitious axial load and bending moment, statically eautva-
lent but opposite in character to the summation and moment of the compressive stresses
across the cross section, must be applied to the frae end of the becm. On the basis of
St. Venant's Principle, the local effects of the force and moment are deemed negligible
at cross sections not in the immediate vicinity of the points of application.

(4) The stress distribution at cross sections far remcved from the roct and
the free end is obtained by the superposition of the effects described in (2) and (3) above

as follows:

0x(S)=0%, + Ox2 + Gy (4.2)
where
Gy = % (4.3)
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Sy ® I, (4. 4)

F s the staticolly equivalent axial load of ¢;ppooite character

M is the statically equivalent bending moment of opposite character
A is the cross-sectional area

Iy is the moment of inertic of cross saction cbout the y-axis.

The axicl load, F , and bending moment, ™M , cppiied ct the frze

end, are obtained from the following :xpressions:

( o
Fe-| G5 dA = | EX ATAA (4.5)
Mw[-fo,‘,’,sz]“ J; EXATZJA (4.6)

For purposas of caiculaiion, it is necassary to replace the integral over
the cross section by a summation becauss the axperimentally derermined temperature
distribution, AT(S), cannot be written easily in analytical form. The cross section of
the ex“"'*"t’ﬂl hox beam was divided into forty-two slements (sve Figuwre 4.2). Only
twanty-cne h-xd to be considered becauis of the model symmetry aud the assumed tem-
perature symmotry about the Z-axis. The expressions for the three components of the

total stress are

(O, ) - ERAT; “.7)
21

(Tra) ;\?-g 2-ERAT, 4.9)

(Cia)i=- f }, 2-ERAT, Z; (4.9)

- Y
where the subscript, i , denctes aach element. The values for & and E were zarrected

iew tamoarature a« shown in Figurs 4,3,

The stresses as calculated from the above expressions are tabulated in Table

A.4. 1t must be remembered that the temparatures used in thesa cr'culations were ex-
h-a,-..-.!a:@d and Interpcloted from sleven meciursd tzmpercturec.
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These calcuicted stresses togather with the experimentai valuss are shown
for heating times of 30, 60, 90 ord 1ZU seconds in Flgurec 4.4, 4.5, 4.6 and 4.7 for
Configuration 1 and in Figures 4.8, 4.9, 4. 10 ond 4,11 for Configuration 2. The
agreement in ine bottom skir is folr while the agreament in the web is poor.

N\%M": # ,.ﬂnn-.-l?_s

4.2 The Distorticn of the Mid~Span Cross Section

{f the box beam is visualized as a collection of closed rigid frames (see
Figure 4. 12), then the existance of a temperature change can be seen to cause a dis-
tortion of the rigid frame. Since the rigid frame is an indeterminate structura, this
distortion v:ill induce both axiol stresses and bending stresses. in this case, the terms,
"axiai stresses® and "bending stresses®, are to be considered with reference to the be-
havior of the rigid frame.

Ths concent of an elastic center together with the superposition equations
will be used in this analysis (see Ref. 14). These superpasiiion sijuuticn: are applied
! to the primary siructure (s2e Fig. 4.13) which is statically determinate.

|
- 1ir . -
%a Bab  Sac Xa|  |Sar
Seta  Obb  Ske Xp| + |Bpr| =0 4.10)
Lsco. Sb  Sec Xe Scr
where
XQ’ Xy, X, are the redundant bending moment, axial load and shear

force which act at the elastic center (see Figure 4. 13)

Smn s the relative displacement of the polnts of application
of redundani M1 dus to a unit value of redundant n
B vn T s the relative displacemant of the points of application

of redundant m due to the temperature distribution, AT(S).
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(Note: Stresses ave plotted normal to the center lins. Compressive siresses are plotted
on the outside ¢t the cross secifon, teniile siressss on the Insida,)
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FIGURE 4.12 RIGID FRAME COMPONENTS OF THE MODEL
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It will be assumed that the remperature is unifcrm across the thickness of
the frame. The virtual work expressions for the influance coefficiants. Smn and
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where

E is Young's modulus
Fy

T ol . ___a L% a2 (')
4 1S HIO WO O tirerses & =
LY

A\ 1s the cross—wectionai area = (i)t

(4.11)

Mwn is the bending moment in the primary struchxe caused by a unit

value of redundont M

Fon is the axlal load in the primary stiucture caused by a unit value of

redundont m

Mo is the bending moment in the primary structure caused by externcl

}oads

Fo is the axial load in the primary structure caused by external loads.
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From the symmsiry of the cross section and of tho temperature distribution,
the following resuits are cbtained:

& =0
sds |, ["ds
OV L ”4[ EA
Scc=2f'f = +2;';'-_'7-: 4. 12)
She =0
8avr =0
Syt XY f F, ATdS
Sey =0

Thue, 1t ic waan that

Xa2O
a (4.13)
XC‘O

The tenperature distribution of Table A. 2 for a heating time of 120 seconds
has been used to evalusts Syt  numerically with the result that

E 87 =&), F, AS-AT=-5296% 688010

E Spp, ~5.93x10™*+0.132 x10™*= 6.06x10™
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The redundant exlal lnad, Xy , has the vaive

-6.0 -6 ‘a
Xy =—"228010 _ . |].35 Ibs. (4.15)

Plots of the bending moment and axial load distribution are shown in Fig-
we 4,14,

ITin + 17ip$t 17ing

E N ' /

-17in % f -1Tin#
N e
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9
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f

FIGURE 4.14 BENDING MOMENT DISTRIBUTION

At point @ in Figure 4. 14, the maximum stresses are

t
(O)e =" £ (4.16)

The cuiside fiber at point € has the stress
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(17M0.0325)

(sl =~ ixizNoz7a)ior>
7 psi

The inside fiber at point € has the stress

+ .4
(1){0.065)

(C1)e =-168-175=-343pst

Thus, the stresses which result from the distortion of the cross section are inconse-

quenilal.

4.2 Snonwica Fffacts

The princigle of minimum potenticl energy can be used to obtain epproxi-
mate solutions to the three—dimensional equctions of clasticity. If there are no external
or body forces a=ting upon the structure, the ditferential equations of equilibrium have

the following form (Ref. 18):

-2 &
(xve) % (3¢ + 85 +3¢) o v u- I, 3F--0

(r+6) 35 (3¢ +32 -3¢

+eVr-£EX 2l.o

-2V vy

(nv6) 2= (BL 2. 20) gy, - EX DT, 4

DE\DX DY  OZ

where the constants are defined as

 E
A= G+)-2v)

O E
o210 T V)
2/ = Poisson's ratin.,

The siress-strain relations become
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(4.18)
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(4.19) 5
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When pronerly minimized, the potentic! energy expression which will yleld
the above equasions: of equilibrium and stress—strain relations has the form shown below:

= %/:ﬂ {)\ (ex+ey+ ez)z’ZG (€csey +€;')

65" oY )~ ST (e,+eﬁ+e,_)}dx dy 4z

. 22)

It is readily shown that the vanishing of the variation of the above integral will lead to
the three differential equaticns of equilibrium. Furthermore, If the shrain energy density
function is defined as

X
(4.23)
—r R LYY \]
Srio - (&x+€yr€,)g
it Is also readily shown that
= 2W =W
G =3W '= '_O_‘é’_
4 oy ’gl ©Zuz
oW . oW ;
Gz ""Oez X2 -.-ofz (4 24)
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T, =3 ff t {E'(Gx'o€s‘+2zr € e )+Gr-2E'R -AT(€,+€,,)}dsdx (4.25)
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B -
¥
Thus, it is scon that the potential energy function satisfias all the pre~requisites neces- 3
sary for the thres—dimensionul equations of tharmoelasticity in which external and :
body f. bsent ]
y forces are absent, ;

4.3.1 Application to the Box Beam

The principle of minimum potentiai energy as stated wiil be specialized to
the problem of the box beam. It will be necessary to make the following assumptions:

e D e

(1) The cross-sectional shape is preserved by meny closed diaphragms which
are rigid in their own plane but compietely flexible out of their plane, i.e., there is
no resistance to warping. In addition, it is necessary to assume that these diaphragms
are perfectly insulated from the rest cf the structure.

B p Bl .6

(2) The wali (or shall) or the box beam is in a state of membrane stress,

i.e., the strasses and hence the *=mperature is consrant over itm itickiness of the chell

These assumptions are the familior ones used in the analysis of the effects of warping
restraint on the stress disitibuiion in sneii Dounn (Refs. 11, 12 and 13)

The expression for the potential energy of strain is ihus reduced to the fol-
lowing expression:

The pertinent stress-strain relations are
Cx =E'(€+v€5)-E'XAT

! ” (4'26)
Oy = E'(€5+ 7€, )- E"RAT

where
o _E
E -vE
E- & (4.27)
e —E
G = E{i+¥)
Y is the shear strain

€ Is the strain in a spanwiss direction
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€ is the strain in a peripherc! direction

Ox Is tha normal stress In a spanwise direction

er; 1s the normal stress in a peripheral direction

X is the coefficient of thermal expansion

AT is the change in temperature

t is the thickness.

Points on the cross section are located by a peripheral coordinate, s
and an angle, o , which ilia tangent ot point S makes with the y —axis (seo
Floums 4 14), n!gn!g.:ggr_.j.-'h in the wmanwien { x ), verticai ( Z ) and peripheral

( 8 )directions will be dencted by v , w and L , respectively. Rotation-
al ¢ horizontal displacemenis are neglected since both the cross waction of the model

and the temparature distribution are symmatrical about the Z -oxis. A verﬂeal dis-
glacemant of the cross section causes a peripherci dispiacemeni of ine amouni (366 Tig—
vre 4. 15)
L=wrsinXx (4.28)
y 4
)

A
~ o |

N

Ul
I
1

I~

FIGURE 4.15 RELATION BETWEEN VERTICAL AND
PERIPHERAL DISPLACEMENTS
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FIGURE 4.16 COORDINATE SYSTEM TO DESCRIBE WARPING OF CROSS SECTION
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Thus, the potentlal energy expression becomes

‘;Ts.-' [7@ {E' Uy 2 +G (1 + s sim o) -2 E"AT - Ux} ds dx (4.29)

where

R-19
€= 2% = Uy
(4. 3V)

),_'au ‘a!_us

S + % X sm X

The peripherai sirain, €& , vanishes becouss the assumption of rigid diaphragms pre-
vents the occurence of such stralns.

it has been found thai the temperature distribution at any particular time
can be adequately represented by an expression of the form,

AT(S)=Ae e ®(cos 3 2S5+ sin Ts)+B (4.31)

he —
S A oid B  are constants

o = 1/2 total perlpheia! lengih = % inches.
Figures 4. 17 and 4. 18 are plots which show the agreement between the experimentai

temperature distributicn and the distribution given by the above assumed function.
This agreamant suggest: the following assumed function for the spanwise displecement:

U\X.S) %(X)-Pﬁ(x)L 25- 9) sin &£ - “costx|+

-—5 -
?z(X)e 5° cosgo--ﬁ'*‘%(")e Se 5'tns—"—5

(4.32)

The first term is not a function of S and, hence, represents a rigid translational
displacement in which all points of the cross settion move ihe same amount. The coef-
ficient of @B, (X) represents o rigid planar displacement which cerresponds to the
application of a bending moment about the Y -oxis, The warping modes are repre-
sented by ¢z and ¢ o

With the substitution of tiese expressions for AT and U , the pot-
ential energy expression baccmes
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£ S0
"".5'-'2""2:// t {E [%x*ﬁ.x (25 sinoX-sin K-> cosd)
o 0
+d, e zosas+ By € sin as |

"‘G[?‘s 343 ( 25 sin -9 sincx-3cos o()‘aena&(cos as + Sin a.s) yfz

2

2
+ae **(cos as-sin a,s) ;544-[4}'; sin O\'] (4.33)
_ZEQJ“s(cos as + Sin q5)+B][¢°x+%x(25 sinoc- 9s'ln0f-3cosd‘)

E,
+ Pax €*® cosas "'7‘4;( e ** 5in ael} ds dx
“J

£ is the span length

=
'A =5(- E"E‘ (4.34)
B-x E'B

It is convenient to make the foliowing substitutions:
p{s)* e *®cos as
'F’-(S)= e™® sinas
‘?-“(S!m €%%(cos as + Sin as)=p +p; .
f‘(5)= € *¥(cos as- sinas)=p—p
f5($)= (25-9) sina -Bcos o
Ps (s)= 3% (‘?3)

f,{5)== s
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The stress=strain expression now becomes
O;=E'{.¢ox +¢m‘?s ’#M'ﬁ ’%x‘f’t}'{/‘\f’s‘ B} (4.36)

The variation of the integral yleids
45 ¢ ,
§Ts=2 [ /ot { E {%'fs P Pr o %]ES%*fs B P18 Fox 8,45}
sG[tg-apdheapish pusfin 7 -apssoan shepisn, |t

- [A‘fa R B][S Dot Ps 8 B+ P S?‘&x e S%x]} ds dx

it Is noted that the following integrals appear in the cbove expression:

Qy=2/ “tds =2.1604 -2a/ T oo prdS =0
° ( ! Tat?
So e :
a,zz[ t.p,ds = 0.2670 a,,=2[ £ py'ds=0.7680
Se e 2
az.gf tf&ds-0.3932 @y 2/ Lpsds=0
-°/ “1,2d 5 -2_/5' ==1.1124
a4—6° . 5= 0.096 Q= / tf,f,ds- i (4. 38)
a “’Jéet,a ds=00M55 @y <2/ Eepds:-05498
54 )y 2. ¢ 7 5 5 .
So
a =20.z/t 24s = ©0.0500 Q=2 53. 245 = 80720
¢=4a/ Tt 6 [ fe

a7=2a2ﬁt°f_,f¢ds=0.008356 a,,_,aza[ Tt ds=O

) So i~So :
ae=2a.Z tpds= 0087 ag2a/ “typds:O
4 rSo
=2a_/‘%, ds=0 Qu=2/ Lg pyds=1530
A3=2a/ Loy py 0 2/ Lyps
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These constants were evaluated on the basis of the idealization of the cross section
shown in Figure 4,19,

The vonishing of the variaticn of the strain anergy yields the fellowing
differential equations:

798 ?loxx ’al,dzxx *Q, ?&xx =0 (o)

“E'(Qy Bt Ay P+ s 9‘,,,)*6(61,‘9‘, *Q W) =0 ®)

LN o4\ 14 0
- (a ?W +a“ me"‘aa ?w*“; V‘xx}*b(wsoz u.;rw SU Vs el

cln kan A
“ {0y Poxe *is Pixa +Ais Foxx "Rg Fane ) U2 7225 74 ) =0 @

&.+Q, Wiy =0 (e)

ls'ln

The natural boundary condit! ~-s av =4 are

E'/a, 8. +Q, 6 +Ay Byx) =AlQ,+Q, )+ Ba, (a)
E (ats ¢'X +Qyy Pox + Qs 954::) =A (au +al§) ®)
E' (@, fox* Qg P+ Q3 Pix +8s #0x ) = AlR3+d5)+ B, {c} {4.40)

E:l:aaiéc-.' Qg B s Hox e 54»4) =A(a5 ‘aq)*’ Ba, ()
Ay B +q,ux =0 (s)

From diffarentiai equation (4. 3%e) and boundary condition (4. 40e), the
following is true everywhers
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FIGURE 4.19 IDEALIZATION OF CROSS SECTION FOR CALCULATION OF @, ,
@z, ...Q9 PARAMETERS
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. Qy
g - Uk =-g.— % (4.41)
E It can also ke shown that
k )
. 7 { g1 iaf 1y a!e \ 4 22 acee
E Uy Py Wi ™ (R~ g/ P {4. 42)
and that
Q kS
o ' (4.43
Ay a, 0 (4.43)

Tius rosuii reduces equaiion (4. 3¥b) fo itw fciiowing form:

' \ ~ 3
=B (a 13 ¢uxx”ai4 Poxx + A5 %xx/ =V (4.44)
Thus, equations {4, 392) and (4. 3%:) together with boundary conditions |

{4. 40a) and (4. 4Cb) irsure the satisfaction of axial force and bending moment equili-
brium at overy cross section. These relations are

E|(aoéax+a;¢zx+az¢4x)‘{A(aﬁ'az)"‘ Bao] =0 (4.45)

E' (a:s Brx+ A1y Pax+Oys .¢4x) B [A (a,, +a,,)] =0 (4. 40)

By eliminating Boxy and B,xx  from the aquctions (4. 45) and (4. 45), the two dif-
ferential equations for the warping medes, ;ﬁz and &, , are seen to be

TIPS 1N O ST R RANS1 Y X (| S G

e

+G{ a‘6¢z"a7¢4}:o

;A 1 8
e a2, 202 Qi

e @Qa, Q.a / a,? a,’
-E l(azf“ < &l mﬁz(w‘ Ay ae 7&':3“)%4,“}

0 N IR P 7 O AN ZII YR AV W e

b Qs - 4o (4. 43)
+G {"’a7 ¢z_ + aa ¢4}=O
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The solutions for ¢z and @ are of the form

¢¢=5_(') sinh [x +F, Y sinh 1, X
4. 49)

B, » BY sinh 1, +F® sinh .
where
 =0.56836
E = 163930

The hyperboiic sine terms must vanish in order io saiisly s boundary conditione at the

root of the beam.

(4.50)

i Sider tc Hustrate the cnamulen affacts. the canstants for the renperaiure
change In equation (4. 31) were taken to be (see Figurs 4. 18)
A =216
B=38

Thesa ~anctants approximate the experimental tamnercture disiribution at the end of

the heating period of 120 seconds. The remaining constants for d._ and )‘a"‘ were
obtained from boundary conditions (4. 40c) and (4, 40d). Thus,

r 1 |o.o585xi10°® o.nassuo‘”]
I.r.l = -€ ~19 | (4.51)
0:4782x10° 04761107 |

By substituting equations (4. 49) and (4. 51) inio equation (4. 36) ihe normal
stress expression becomes g

ey (A, a,
Ox=[AEdul{atPrra’!
(4. 52)
o \ a,, a, )
+ [A°E ?&x] {ﬁ"f'—'"'ft*ﬁf}

§t cars ba shown that if the span, _f , is Infiniteiy iong, the waiping modes, g}; and
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a Q
“Alaa et e 2]
' (4.53)

Q, Qa
+A{at;§1’f-fz * zi,—}
A good measure of the effect of the free end is seen to be the two expressions,
EA_'E' dov]
| [l |
[.A'E:"?&x ]

These are shown plotted in Figure 4.20. The effects of the {ies end ore thus chown to
be reduced to negligible proportions at a distar.ce of about one-third of tha total peri-
pheral length of 18 inches from the frae end.

Figures 4.2}, 4.22, 4.23and 4.24 are comparisons of the stress distribu-
tions correspording to the above a'\olysls and ths axperimenic! stresses ct heating times
of 30, 60, ¥U and 120 seconds, respeciiveiy. The agreement is reasonably good for
30 and 60 seconds but rather poor ot 90 and 120 seconds. The latter discrepancies may

be due to the thermal buckling of the lower skin which would change the stress distri-
bastion.

4.4 The Deflaction at the Free End

The deflection at the free end cor be celculated accinaiely by eiemenicry
beam theory. From this theory, it cun be shown that the tip deflection of o cantilever
beam acted upon by ¢ tip hendlng moment is given by

me
8= 5T {4.55)

The analysss of Secticn 4.1 vieldad bending momenis of =20, 970 in. -lbs. and ~20, 360
in. -lbs. for Configurations 1 and 2, iespociively, ¢t the end of the haating peried,
Thus,
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FIGURE 4.21 COMPARISON OF THEORETICAL AND EXPERIMENTAL STRESS FOR
30 SECONDS - CONFIGURATICN 2

(Note: Stresses are plotted normal fo the center line. Compressive stresses are plotted
on the outside of the cross section, tensile stresses on the inside.)
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FIGURE 4.22 COMPARISON OF THEORETICAL AND EXPERIMENTAL STRESSES
FOR 60 SECONDS - CONFIGURATION 2

(Notc: Stresses are plotted normal to the canter line. Comoressive stresses are plotted
on the outside of the cross saction, tensile stresses on the inside. )
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FIGURE 4.23 COMPARISON OF THEORETICAL AND EXPERIMENTAL STRESSES
FOR 90 SECONDS - CONFIGURATION 2

{Nlote: Strusses are plotad norma! to the center iine. Compressive stresses are piotted

on the cutslde of tive cross section, tansile stresses oin the insids,}
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FIGURE 4.24 COMPARISON OF THEORETICAL AND EXPERIMENTAL STRESSES
FOR 120 SECONDS - CONFIGURATION 2

{Nofs: Zivessas are plotted normal to the canter line. Compressive sirssss
on the outsids of the crocwe sactinn. tensile stresses on the insids. )
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These calculated values compare favorably with the observed displacements of 0. 168
inchas and 0, 161 inchss, respeciively.
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SECTION V
CONCLUSIONS AND RECOMMENDATIONS

(1) The primary mode of heat transfer in these experiments was conduction.
Convection and radiation were relatively unimportont because of the precautions taken.

(2) The agreement between the experlmenrol stress distribution cnd the stress
distributions calculated by two different metiods on the basis of temperotures meas :rad
at elaven points {see Sections 4.1 und 4. 3) is fair for heating times of 30 and 40 seconds.
But the agreermnt is poor for timas of 90 and 120 seconds. This variation suggests that
buckling of the lawer skin may have occurred olthoogh there was no discerntbls svidence
at the conciusion of tha Tasts. iF wus it posliois S chizrua the hanted arface during
the tests, and the buckling of the skin could account for the lower experimental strasses
ot these two longor heating times. Another reason for the differences at all times is that
B curraliions o the cormar 3'3‘:3"'395 could nat be determined experimeniai ly with sufficient
detci! as to temperatures and siressos. The relavively large flange areus olay a dominonit
role in the satisfaction of force and moment squilitzic cver the cross section. Thus, an
error in the determination of the flange temperature will be magnified in the calculations
of the sivesses over the entirs cross section,

(3) The highest stresses were in the region of the highest tenperctures. Thus,
the largest stresses were in ths bottom skin which received the direct thermal radiation
and were compressive in nature. The smallest siresses occurred in ihe upper skin.

(4) As expected, the center portion of the verticel web was in tension in
order to counterbalance the compressive sifisses In the bottom skin.

(5) By contvast, the tensicn in the lower lags of the corner flanges on the
bottom of the cross sectior was not expected. Mecsurements ai the bottom of the corner
flange could not be obtained because of the difficulty of squeezing a strain gage between
bolt holes. The calculated stresses, however, indicate tension. Thus, the behavior of
the beam is such that the icncile stresses in the flonges on the bottom help to balance out
the bending moment induced by the large conpressive stresses in the heated skin, This
effect relisves the load which the upper skin would have had te carry if the entire bot-
tom of the beam had been in compression and explains why such low stress levels were
encountered in the unheated upper surface.

(6) The severest tamperature gradiant occurred In the bottom and, hence,
was in the chordwise direciion. It s s-.mdﬁ that ihe furnacs rediates a flux which is
not uniformly distributed over the cross section ond which falls off rather significantly at
the adnee. Thiz unaven distributicn contributes to a chordwise temperature gradient. But
svan with o uniformly distributed therme! flux, the flow of heat into the reiatively large
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masses representsd by the corner flar.gs: and from them into the web would cause
rather large chordwise gradient.

(7) The distortion of the cross section due to the increase in >amperoture
induces negligible stresses in the chordwise dirsctior.

(8) The effect of the free end on the stress distribution is confined to a
region within one-tnird of the otal peripheral length from the tip. Since the experi-
menial siresses were measured at mid-span which is equal te two-thirds of the peripheras
length, they were unaffected by the finite spar. Thus, the model was iong encuyh

to be considered an infinite heam.

() it is felt that the conditions at the corners should be investigated in
areatsr detall despite the difficult experimental problems.

(10) The characteristics of the radiant furnace should also be determined.
A calculation of the temperatures in the structure presumes a knowledge of the heat
source, and it elecirical power input to the heater Is not sufficient data for such com-

putations.

(11) The high compressive stress levels in the skin as compered to the low
stress levels in the flanges suggest that thermal buckling will bs a serious problem.
These lorge skin stresses occur at fairly high temperatures so that thermoplastic rother
than thermoelastic buckiing wiil need to be Investigated.
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PHYSICAL PROFERTIES OF 24 S-T AND 61 S-T ALUMINUM ALLOY

PROPERTY

Specific Gravity, gm/cm3
Weight, Ibs/in3

Ultimate Tensile Strese, |'os/in2, at 68°F
ZiscF

300°F
400°F
500°F

Yield Tensils Stress, lbs/in2 at 68°F

212°F
2000F

400°F
500°F

tiongation in 2 in, %

Modulus of Elasticity, Ib.'./in2
Approximate Mel:ing Range, °F
flastic Flow Range, °F
Specific Heai, BTU/1b/°F

Coefficient of Thermal Conductivity,
BYU/hr/f2/9F/ft, (0-212°F)

Average Ceefficient of Thermal Expansion
/OF, 68-212°F

48-394°F

68-572°F

Modulus of elasticity ard coefficient of thermal expansion vs. temperaivie are shown

1

24 -1 61 -1
.

2.77 2.70 ‘
0. 100 0. 098 i
68000 45000
51000 41000 ¢
43000 32000 {
26000 5000 i
14000 7000 ;
48600 40000
45000 37000
37000 30000
22000 16000
10000 5000
19 12
10.5 x 100 10.1 x 10°
935-1180 1080-1205
400-900 600-900 :
0,23 0.22
70.1 89.5 ;

i
12.9 x 1078 13.1 x 107° !
13.3x 1076 13.5x 107¢
13.7 x 10 14.1 2 1078 :

in Figure 4, 3 and wera obtained from Referarnces 1 and 2,

The above physical properties have been compiled from References 1, 2, 3, 11, and 12,
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TABLE A.2

EXPERIMENTAL TEMPERATURE VARIATION AT EACH GAGE LOCATION, °F

SAGE NC. T-!
CONFIGURATION
TIME
SEC. ] 2
0 78 78
19 78 78
20 78 78
30 79 78
40 81 80
50 82 80
60 85 82
70 88 84
80 92 86
90 97 91
120 103 95
110 110 100
120 115 104

ASR!. TR 25-13

CGAGE NO, T-2

CONFIGURATION
1 2
70 78
78 78
78 78
79 79
81 w
83 81
86 23
90 95
94 §9

100 92
105 97
110 101
1A V4 106
&8 -

GAGE NO. T-3

CONFIGURATION
1 z
78 78
78 78
79 78
80 80
82 81
8 83
88 85
93 8y
99 93

104 97
1 103
17 108
124 114
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GAGE NO. T-4

CONFIGURATION
: TIME
k SEC. 1 2
i
E 0 78 78
E 10 79 79
§ U 83 3
4
3 30 84 84
E; 40 88 87
E 50 93 91
E 60 99 9%
I 7¢ 105 100
i )
i &0 112
) 19 112
! 160 127 119
l 110 135 125
120 144 123
ASEL TR 25-13
E
‘iwr-— . i e R S =

TARLE A. 2 {(Continued)

GAGE NO. T-5

CONFIGURATION
i 2
78 78
81 8C
R4 84
8¢9 &8
95 93
102 9
109 105
116 1R
124 na
133 125
142 133
151 141
160 149
~69 -

EXPERIMENTAL TEMPERATURE VARIATION AT EACH GAGE LCCATION, ©F

GAGE NO. 1-6

NFIGURATION
] 2
78 78
a3 81
88 86
25 92

103 99

112 106

121 114
130 172
140 131
150 140
i6i 148
170 157
180 167
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TARLE A 2 (Continuad)
EXPERIMENTAL TEMPERATURE VARIATION AT EACH GAGE LOCATION, °F ,
GAGE NO. T-7 GAGE NO. T-8 GAGE NO. T-9 :
CONFIGURATION CONFIGURATION CONFIGURATION i
TIME !
SEC. 1 2 1 2 ! 2 :
3
0 78 78 78 78 78 76 %
10 84 82 86 83 108 103 i
2 %3 5G 7 o 129 123 !
30 103 99 108 101 148 141 . i
4 N3 109 20 112 166 159
50 122 18 132 12 183 174 3
60 135 127 145 134 199 199 i
70 146 140 157 145 124 205 i
80 157 150 170 15 229 218 f
90 168 160 182 17 243 233 |
100 179 170 195 179 259 247 f
10 189 181 206 189 272 259 i
122 199191 218 201 285 272 [ ]
i
1%
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TABLE A. 2 (Centinuex!)

umwmlw
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EXPERIMENTAL TEMPERATURE VARIATION AT EACH GAGE LOCATION, °¢

GAGE NO. T-10 GAGE NO. T-11
CONFIGURATION CONFIGLRATION
TIME
SEC. 1 2 1 2
0 78 78 78 78
10 116 110 120 i
20 145 140 149 143
30 169 163 177 171
40 19i 185 202 194
§ 50 210 203 222 216
I 60 229 223 242 235
70 245 240 260 254
80 262 255 279 271
90 277 269 294 288
100 294 267 312 303
1o 307 300 326 318
120 322 314 341 332
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190
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EXPERIMENTAL STRAIN AND STRESS

STRAIN GAGE NUMBER S -1

CONFIGURATION 1

o 10°

-2
8
15
26
33
27
19
18
8
~5

-15

E- 1078

10.5
10.5
10.5
10.5
10.5
10.5
10.5
10. 49
10. 5Y
10. 486
10. 47

10. 46

(pst)

)
(3
-t

£

160

270

-160

-160

-~ 4

i
15
25
31

51

53

41
29

E- 1076

COMFIGURATION 2

o 100 (psi)

-4

[

120
260

330

670
560
460
430

300
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TARLE A, 2 {Continuad)
% EXPERIMENTAL STRAIN AND STRESS
STRAIN GAGE NUMBERS -3
TIME CONFIGURATION 1
SEC. e 108  E-107¢ (psi) s:ii0>
10 -7 10.5 - 74 - 8
i 20 -7 10.5 - 74 - 8
! 30 - 10 10.5 - 105 - 26
40 -2 10.5 - 280 -7
50 - 10.5 - 350 - 54
40 - 64 10.5 - 670 - 65
70 -2 10. 49 -1280 -105
80 -130 10. 49 -1360 -114
90 -150 10. 48 -1540 -120
ﬁ 100 -168 10. 47 -1760 -155
110 -182 10. 45 -1900 -176
120 -203 10. 45 -2120 -187
i
-
i ASRL TR 25-13 -73-
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10.5
10.5
10. 49
10. 48
10. 4/
10. 46

0, 46
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CONFIGURATION 2
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TABLE A.3 (Continved)
EXPERIMENTAL STRAIN AND STRESS
STRAIN GAGE NUMBER S - 4
TIME CONFIGURATION 1 CONFIGURATION 2
SEC. e 10° E-1676 {psi) e-10° 1076
10 23 10.5 245 14 10.5
t
s p) 22 10.5 350 24 10,5
30 40 10.5 420 31 105
40 Vvj 10. 49 490 3 10, 40
50 52 16. 49 540 10. 49
80 53 10, 48 560 4 10. 48
70 57 10. 47 590 49 10. 47
80 58 10. 46 610 51 10. 46
90 60 10. 46 £30 51 10. 46
100 60 10.45 630 50 1C. 45
110 57 10. 44 590 49 10. 45
120 57 10.43 590 &7 10. 45
ASRL TR 25-13 -74 -
s Mﬂ-ﬂ'“"—“:--—wm-mst:zx__ e E—

»

&
)

n. ."_.‘ { -.. -I...."
e

{psi

140
250
330

AlQ

450

520

= an

520
510

490
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TimE

SEC.

10

30

60C

70

TABLE A. 3 (Continued)

EXPERIMEINTAL STRAIN AND STRESS

STRAIN GAGE NUMBER S -5

CONFIGURATION 1

e 106

57
104

218
227
234
257
265

268

ASRI. TR 25-13

£.1076

10.5

10.5

10. 49
10. 48
0. 48
10. 47
0. 4¢
10. 45
10. 44
10. 43
10. 42

10. 40

(psi)

600
1090
1470
1720
1950
2160
2280
2370
2440
2680
2760

2790

CONFIGURATION 2

0.'1-106

46

86
115
14!
160
174
189
200
204
21
214

221

E-1070

10.5

10.5

10.5

10. 49
10, 48
10. 47
10,4
10. 7
10. 45
10. 45
1C. 43

10. 42

(psi)

490

o
(]

1210
1480
1680
1820
1980
2100
2130
2210
2230

2310
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TABLE A.J (Continued))

EXPERIMENTAL STRAIN AND STRESS

STRAIN GAGE NUMBER S - 6

CONFIGURATION 1

TIME

SEC. e i0°
10 73
20 ns
30 151
40 176
50 193
60 206
70 214
80 218
90 218
100 230
110 238
120 235

ASRL TR 25-13

YRS G T L ST TR ST Jm e, £

- 107

10.5

10.49
10. 48
1C. 47
10. 46
10.45
10, 45
10.43
10, 42
10. 40
10,38

10. 3%

(pst)

760
1210
1590
1850
2010
2160
2230
2270
2270
2390
2479

2430

=l

L

CONFIGURATION 2

e 'i06

~4
(&]

120
io4

181

- 1670

10.5

10. 45
10. 45
10. 43
10. 42
10. 40

1C. 38

(psi)

790

2410
2380

2400
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TABLE A, 3 {Conitinusd)

oy

EXPERIMENTAL STRAIN AND STRESS

STRAIN GAGE NUMBER S -7

2

b msiamy

e o v s v “‘Qii'.'u,; s

im e o tras o i
11 1 4
«

ASRL TR 25-13

% TIME CONFIGURATION 1 CONFIGURATION 2
§ SEC. e10° g0 (psi) e10®  E107 tpst)
%
§ 16 118 10.5 1230 105 10.5 1130
_ g 20 155 10. 49 1636 150 10.5 1560
i 30 i75 15,47 1920 182 10. 48 1900
205 10. 46 2140 199 10.47 2080
’ 50 214 10, 45 2260 214 10. 46 2240
. 60 218 10.44 2270 zi5 10.45 2250
70 218 10. 43 2270 216 10.43 2260
80 219 10. 42 2280 224 10.42 2330
fi 90 214 12.40 2290 223 16.45 2310
N 100 216 10,37 2180 21 10.38 2190
l 110 209 15,35 2160 208 10.36 2156
| 120 205 10.32 2120 204 10.34 2110
|

i
|

e+ e

e et o L e

D 3 o St e
58 S e v e
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A. 3 (Cantlnusd)

EXPERIMEINNTAL STRAIN AND STRESS

STRAIN GAGE NUMBER S - 8

CONFIGURATION 1

TIME
SEC.  =.10°
10 135
20 209
% T
40 291
50 318
60 334
70 245
80 354
90 361
100 380
110 390
120 396
ASRL TR 25-12

E- 1070

10.5

10. 48
10. 47
10. 45
10. 45
10.43
10. 41
i0.38

10.36

CONFIGURATION 2

(psh) e.19°
1420 145
2190 zii
2700 258
3050 291
3320 314
3480 328
2500 3%
3670 348
3740 258
3930 366
4020 373
4110 380

-78 -
£ A

N
YRRy 0 e

E-1076

(psh)

1520

L2 le 0 Ta)
oo

2700
3050
3280

3420

&
omd
o

3520

3720

3810

3860

3920

- s
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TABLE A. 3 (Continued)

EXPERIMENTAL STRAIN AND STRESS

STRAIN GAGE NUMBER S - 9

CONFIGURATION 1

e. 108

E-107° (psi)
10. 47 1410
10. 45 -2id5
10. 42 -2600
10. 40 -2900
10. 36 -3160
16.33 -3280
10.28 -3350
10. 24 -3380
10.20 -3380
10.16 -3230
16.10 -3100
10.05 -2900

- PG

Z —
by

CONFIGURATION 2

e 10°

-150

£ 107

10. 7
10. 45
10. 43
10, 40
0.7
10. 34
10. 30
10.27
16.23
10.18
16. 15

10. 10

(pst)

-1570

2190
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EXPERIMENTAL STRAIN AND STRESS

STRAIN GAGE MUMBER S - 11
TIME CONFIGURATION 1 CONFIGURATION 2
SEC. e10°  E 070 (pst) o 100 g-107% (pst)
10 ~269 10.45  -2610 -254 10,47 -2660
. 20 -451 10,42 -5120 478 10,43 4970
30 -639 10,37 -6620 639 10.38 6630
4 -75¢ 10,32 -7800 768 10.34 7940
; 50 -83 j0.26  -8580 -855 10,28  -8590
ﬁ 60 -886 10.20  -9040 921 10,23 -9420
70 _919 10,15  -9330 946 10,17 9520
80 -933 10.08  -9400 -969 10.11 5750
90 -931 10.02  -9330 -983 10.04  -9860
i 160 933 .93 9270 -983 9.98  -9810
110 907 9.87  -8950 978 9.90  -9686
120 -578 9.80  -8610 -961 9.84  -9460
;
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